In 2005, the United States produced \> 103 million pigs at 67,000 production facilities \[[@b20-ehp0115-001040], [@b21-ehp0115-001040]\]. Facilities housing \> 55,000 pigs accounted for more than half of the total U.S. swine inventory, reflecting the increasing consolidation and concentration of U.S. swine production ([@b20-ehp0115-001040]). This trend in swine production has resulted in the concentration of large volumes of manure in relatively small geographic areas. Manure is typically stored in deep pits or outdoor lagoons and then applied to agricultural fields as a source of fertilizer. However, as a result of runoff and percolation events, components of manure, including human pathogens and chemical contaminants, can affect surface water and groundwater proximal to swine concentrated animal feeding operations (CAFOs), posing risks to human health ([@b2-ehp0115-001040]; [@b5-ehp0115-001040]; [@b11-ehp0115-001040]; [@b12-ehp0115-001040]; [@b17-ehp0115-001040]; [@b19-ehp0115-001040]). Specific swine production practices, including the use of nontherapeutic levels of antibiotics in swine feed, can exacerbate the risks associated with exposures to manure-contaminated water sources.

An estimated 10.3 million pounds of antibiotics are used annually in U.S. swine production for nontherapeutic purposes such as promoting growth and improving feed efficiency ([@b13-ehp0115-001040]). These antibiotics are the same drugs that are used in human clinical medicine and include tetracycline, erythromycin, lincomycin, virginiamycin, and ampicillin, to name a few \[[@b9-ehp0115-001040]\]. The practice of administering nontherapeutic levels of antibiotics in swine feed selects for antibiotic resistance among commensal and pathogenic bacteria in swine ([@b1-ehp0115-001040]; [@b4-ehp0115-001040]; [@b26-ehp0115-001040]), resulting in high levels of resistant bacteria and resistance genes in swine waste ([@b7-ehp0115-001040]; [@b10-ehp0115-001040]; [@b16-ehp0115-001040]). [@b10-ehp0115-001040] detected 1.6 × 10^7^ colony forming units (CFU)/mL of total tetracycline-resistant bacteria and 2.1 × 10^5^ CFU/mL of tetracycline-resistant enterococci in swine waste. [@b16-ehp0115-001040] identified resistance to at least one antibiotic in 85% of *Escherichia coli* isolates recovered from a swine lagoon. In addition, [@b7-ehp0115-001040] detected up to eight known tetracycline resistance genes in total DNA extracted from swine lagoon samples. In the same study, a broad range of tetracycline resistance determinants were found in groundwater samples collected downstream of swine lagoons ([@b7-ehp0115-001040]). [@b2-ehp0115-001040] also detected higher percentages of antibiotic-resistant *E. coli* in groundwater collected in the vicinity of large-scale swine facilities compared with groundwater collected at reference sites. In another study, [@b17-ehp0115-001040] found that 80.6% of *E. coli* isolates collected from surface waters located near swine and other livestock facilities were resistant to at least one antibiotic.

The presence of swine-associated resistant bacteria in rural surface water and ground-water sources is important to human health because exposure to these sources could enable the transfer of resistant bacteria from swine to humans, contributing to the spread and persistence of antibiotic resistance. However, beyond the studies of [@b7-ehp0115-001040], [@b2-ehp0115-001040], and [@b17-ehp0115-001040], there are few data in the published literature regarding the presence of antibiotic-resistant bacteria in surface waters and groundwater located in the vicinity of swine CAFOs. Moreover, there are few data available comparing concentrations of fecal indicators in groundwater and surface waters impacted by swine CAFOs compared with unaffected waters. Thus, the goal of this study was to analyze surface water and groundwater samples collected up gradient and down gradient from a swine CAFO for the presence of antibiotic-resistant enterococci. Enterococci are commensal bacteria (as well as opportunistic pathogens) that are found in the intestinal tracts of animals and humans and are often used as indicators of fecal contamination in water sources \[[@b22-ehp0115-001040]\]. The presence of other fecal indicators, including fecal coliforms and *E. coli,* was also investigated in surface water and groundwater samples collected throughout this study.

Materials and Methods
=====================

Study site
----------

This study was conducted around a swine finishing CAFO located in a rural area in the Mid-Atlantic United States ([Figure 1](#f1-ehp0115-001040){ref-type="fig"}). The CAFO is composed of two tunnel-ventilated swine houses, and the full day-to-day capacity of the entire facility is 5,000 hogs. However, throughout the sampling period, approximately 3,000 hogs were present at the facility. Manure wastes from the CAFO are stored in 12-ft deep concrete manure pits that lie beneath each swine house. Once the pits are filled to maximum capacity, the waste is siphoned off and applied to agricultural fields both on-site ([Figure 1](#f1-ehp0115-001040){ref-type="fig"}) and off-site. At this facility, nontherapeutic levels of antibiotics are administered in swine feed; however, specific usage data could not be obtained from the swine grower.

Sample collection
-----------------

Surface water and groundwater samples were collected during six sampling trips that took place between 2002 and 2004 ([Table 1](#t1-ehp0115-001040){ref-type="table"}). A total of 15 surface water samples were collected from three locations situated down gradient from the swine CAFO, and a total of 4 surface water samples were recovered from one location situated up gradient from the swine CAFO ([Figure 1](#f1-ehp0115-001040){ref-type="fig"}). As indicated in [Figure 1](#f1-ehp0115-001040){ref-type="fig"}, the down-gradient surface water sampling locations were situated in a stream system that was likely affected by surface water runoff events from the swine CAFO. Sampling locations on two different, connecting tributaries in this stream system were chosen in order to determine the impacts of the swine CAFO on both of these tributaries. Down-gradient surface water samples were collected only when there was adequate flow at a sampling location such that water samples could be collected into 1-L sampling bottles in an upstream motion, midway between the surface and the stream bottom, without disturbing bottom sediment. We were unable to obtain access to an up-gradient surface water sampling location situated within the same stream system because *a*) we could not penetrate dense and deep thickets that completely surrounded the stream (on accessible property) without making major modifications to existing vegetation; or *b*) we were not allowed access to personal property farther upstream. Because of these challenges, we identified an up-gradient pond located on accessible property ([Figure 1](#f1-ehp0115-001040){ref-type="fig"}) to serve as an up-gradient surface water control site that was not affected by the swine CAFO.

Groundwater samples were collected from one drinking water well situated down gradient from the swine CAFO (*n* = 4) and one drinking water well situated up gradient from the swine CAFO (*n* = 5) ([Figure 1](#f1-ehp0115-001040){ref-type="fig"}). Both wells are located in the Piedmont Plateau Province of the Mid-Atlantic United States in an area characterized by unmetamorphosed bedrock composed of red shale. The up-gradient well was constructed in 1990 and is used as a primary source of drinking water by the property owners. It is 250 ft deep and lined with steel casing to a depth of 56 ft. Water is encountered at depths of 185 ft and 228 ft. The down-gradient well is an older well that was used as a primary source of drinking water by the property owners before the neighboring swine CAFO was built. Information on the precise depth and construction of this well was unavailable; however, groundwater on the property is encountered at depths of approximately 90 ft and 132 ft. None of the wells were subject to any disinfection before sampling; at each well, water was flushed for 1 min before groundwater samples were collected.

A manure pit sample was collected directly from the manure pits during one sampling trip in January 2004. All surface water, groundwater, and manure pit samples were collected in 1-L sterile Nalgene Wide Mouth Environmental Sample Bottles (Nalgene, Lima, OH); labeled; and transported back to the laboratory at 4°C. Sample processing took place within 3--6 hr after sample collection.

Isolation and enumeration of fecal indicators
---------------------------------------------

*Enterococcus* spp., *E. coli*, and fecal coliforms were isolated from each water sample using standard membrane filtration methods: U.S. Environmental Protection Agency (EPA) Method 1106.1 and Method 1103 ([@b22-ehp0115-001040]), and standard method SM 9222D \[[@b3-ehp0115-001040]\]. Briefly, 10-fold dilutions of each water sample were prepared (10^0^, 10^−1^, 10^−2^, and 10^−3^), and 10 mL of each dilution were filtered through 0.45-μm, 47-mm mixed cellulose ester filters (Millipore, Billerica, MA), which were placed onto appropriate agar plates. We used mE agar for the detection and enumeration of *Enterococcus* spp., mTEC agar for the detection of *E. coli*, and mFC agar for the detection of fecal coliforms (all from Becton Dickinson, Sparks, MD). Negative control filters and negative control agar plates were included in each membrane filtration analysis. Incubation conditions for the agar plates were as follows: mE plates, 41.5°C for 48 hr; mTEC plates, 35°C for 2 hr followed by 44.5°C for 22 hr; and mFC plates, 44.5°C for 24 hr. After 24 hr, membrane filters from mTEC agar plates were placed in 1.2 mL urea for 5 min; bright yellow colonies were considered presumptive *E. coli*. Blue colonies arising on the mFC agar plates were considered presumptive fecal coliforms. After 48 hr, membrane filters from mE agar plates were placed on esculin iron agar (EIA) plates and incubated at 41.5°C for 20 min. Colonies characteristic of *Enterococcus* spp., ranging from pink to dark red on mE agar and producing a brown to black precipitate on EIA agar, were considered presumptive *Enterococcus* spp. ([@b22-ehp0115-001040]). All resulting colonies were counted, and concentrations of *Enterococcus* spp., *E. coli,* and fecal coliforms per 100 mL water were determined from dilution plates containing 30--300 CFU using back calculations. One to 10 presumptive *Enterococcus* spp. recovered from each sample were archived in tryptic soy broth with 20% glycerol at −80°C for additional analyses.

*Identification of*Enterococcus *spp*
-------------------------------------

Presumptive *Enterococcus* spp. (*n* = 200) were identified to the species level using isolation and identification procedures described previously ([@b6-ehp0115-001040]; [@b15-ehp0115-001040]). *Enterococcus faecalis* 29212 and *Enterococcus faecium* 19434 (American Type Culture Collection, Manassas, VA) were included as quality control strains. Briefly, all isolates and control strains were streaked from −80°C archived stocks onto tryptic soy agar No. 2 amended with 5% defibrinated sheep blood (Quad Five, Ryegate, MT), and incubated for 24 hr at 37°C. Gram-positive cocci were verified by Gram stains, and the production of catalase was tested for each isolate in the presence of 3% hydrogen peroxide. All isolates were negative for catalase activity and were further tested for pyrolidonyl-arylamidase (PYRase) activity using Remel's PYR kit (Remel, Lenexa, KY). All isolates were also PYRase-positive and were distinguished further by testing for the reduction of tellurite. Isolates and quality control strains were streaked from −80°C archived stocks onto nutrient agar with 0.4% potassium tellurite (Sigma-Aldrich Corp., St. Louis, MO) and incubated for 24--72 hr at 37°C. Isolates producing a black precipitate were considered positive for tellurite reduction and identified as *E. faecalis*. The remaining isolates were identified using the following standard biochemical tests: lactose, sucrose, arabinose, sorbitol, raffinose, and mannitol carbohydrate fermentation; deamination of arginine; methyl-α-D-glucopyranoside acidification; utilization of pyruvate; and pigmentation of the isolate.

Antimicrobial susceptibility testing
------------------------------------

We used the minimal inhibitory concentration (MIC) agar dilution method \[[@b8-ehp0115-001040]\] to test antimicrobial susceptibility among the *Enterococcus* spp. (*n* = 200). *E. faecalis* 29212 was included as the quality control reference strain. We tested susceptibility to the following antibiotics: erythromycin, clindamycin, tetracycline, and virginiamycin (streptogramin A and B combination), all of which are approved for use in U.S. swine production ([@b9-ehp0115-001040]); and vancomycin, which has never been approved for use in U.S. livestock. All antibiotics were obtained from Sigma-Aldrich (St. Louis, MO), except for virginiamycin, which was purchased from Research Products International Corp. (Mt. Prospect, IL). The following concentrations of antibiotics were tested: 0.5--256 μg/mL erythromycin, 0.5--256 μg/mL tetracycline, 0.03--256 μg/mL clindamycin, 0.03--64 μg/mL virginiamycin, and 0.03--64 μg/mL vancomycin. These antibiotic test ranges were chosen to include the MIC quality control ranges of the reference strain (*E. faecalis* 29212), the antibiotic resistance break points established by the CLSI for enterococci ([@b8-ehp0115-001040]), and antibiotic concentrations that exceeded resistance break points by at least 2-fold.

In preparation for the MIC agar dilution tests, all *Enterococcus* spp. isolates were streaked onto plates containing tryptic soy agar No. 2 amended with 5% defibrinated sheep blood (QuadFive, Rygate, MT), and incubated at 37°C for 24 hr. Each isolate was then suspended in 3 mL Mueller-Hinton broth and adjusted to a 0.5 McFarland standard using a Vitek colorimeter (Hach, Loveland, CO). Two hundred microliters of each suspension were loaded into individual wells within a Cathra replicator plate (Oxoid Inc., Ogdensburg, NY) and replicated onto a series of Mueller-Hinton agar plates amended with 2-fold increasing antibiotic concentrations. Plates were incubated at 37°C for 24 hr, and MICs were subsequently recorded as the minimum concentration of antibiotic that completely inhibited growth. Each isolate was categorized using the following MIC resistance breakpoints established for *Enterococcus* spp. by the [@b8-ehp0115-001040]: erythromycin, ≥ 8 μg/mL; clindamycin, ≥ 4 μg/mL; tetracycline, ≥ 16 μg/mL; virginiamycin, ≥ 4 μg/mL; and vancomycin ≥ 32 μg/mL.

Statistical analyses
--------------------

We compared concentrations of fecal indicators (*Enterococcus* spp., *E. coli,* and fecal coliforms) between up-gradient and down-gradient surface water samples and up-gradient and down-gradient groundwater samples using two-sample Wilcoxon rank-sum tests. Fisher's exact tests were used to compare rates of erythromycin-, tetracycline-, clindamycin-, virginiamycin-, and vancomycin-resistant *Enterococcus* spp. between up-gradient and down-gradient surface water samples and up-gradient and down-gradient groundwater samples. For the surface water analyses, data obtained from the three surface water sampling locations situated down gradient from the swine CAFO were pooled because these sites did not represent a significant source of variation in the data. Specifically, levels of fecal indicators, patterns of antimicrobial resistance, and geographic proximity were comparable among all samples obtained from these locations (data not shown), providing evidence for a shared source. Since *E. faecalis* can be intrinsically resistant to clindamycin and virginiamycin ([@b18-ehp0115-001040]), analyses comparing rates of clindamycin resistance and virginiamycin resistance were restricted to non--*E. faecalis* isolates. All statistical analyses were performed using Intercooled Stata 7.0 (Stata Corporation, College Station, TX).

Results
=======

Concentrations of fecal indicators
----------------------------------

Median concentrations of *Enterococcus* spp., *E. coli,* and fecal coliforms were 17-, 11- and 33-fold higher, respectively, in surface waters located down gradient of the swine CAFO compared with surface waters located up gradient of the CAFO; the differences were statistically significant (*p* = 0.003, 0.007, and 0.010, respectively) ([Table 2](#t2-ehp0115-001040){ref-type="table"}). Likewise, median concentrations of *Enterococcus* spp., *E. coli,* and fecal coliforms were 4-, 11-, and 20-fold higher, respectively, in down-gradient groundwater samples versus up-gradient groundwater samples (*p* = 0.085, 0.007, and 0.007, respectively) ([Table 2](#t2-ehp0115-001040){ref-type="table"}). Concentrations of *Enterococcus* spp., *E. coli,* and fecal coliforms found in manure pit samples were 5.2 × 10^5^ CFUs/100 mL, 1.0 × 10^6^ CFUs/100 mL, and 8.8 × 10^6^ CFUs/100 mL, respectively.

Enterococcus spp. isolated from water and manure pit samples
------------------------------------------------------------

A variety of *Enterococcus* spp. was identified in groundwater, surface water, and manure pit samples ([Table 3](#t3-ehp0115-001040){ref-type="table"}). *E. faecalis* was the predominant species isolated from all sample types, representing 67% of all *Enterococcus* spp. that were analyzed for antibiotic susceptibility in this study. For 29 (14.5%) of the *Enterococcus* spp., results from the standard biochemical identification tests were not completely consistent with known species of enterococci. These isolates could only be identified to the genus level and are listed as "other *Enterococcus* spp." in [Table 3](#t3-ehp0115-001040){ref-type="table"}.

Antibiotic resistance
---------------------

Overall, higher erythromycin and tetracycline MICs were detected among *Enterococcus* spp. (*E. faecalis* and non--*E. faecalis*) recovered from down-gradient groundwater and surface water samples compared with up-gradient groundwater and surface water samples ([Table 4](#t4-ehp0115-001040){ref-type="table"}). For example, erythromycin MIC~90s~ (MIC required to inhibit the growth of 90% of organisms) for *Enterococcus* spp. recovered from down-gradient groundwater and surface water samples were at least 4-fold and 128-fold higher, respectively, than that of isolates recovered from up-gradient groundwater and surface water samples. These data suggest that down-gradient surface water and groundwater sources are contaminated with *Enterococcus* spp. that express higher levels of erythromycin and tetracycline resistance. The highest erythromycin and tetracycline MICs were observed among *Enterococcus* spp. recovered from manure pits, where erythromycin and tetracycline MIC~90s~ were \> 256 μg/mL and 179.2 μg/mL, respectively ([Table 4](#t4-ehp0115-001040){ref-type="table"}). In contrast, MICs for vancomycin, a drug that has never been approved for use in U.S. swine production, were generally below the CLSI vancomycin resistance breakpoint of ≥ 32 μg/mL ([@b8-ehp0115-001040]) among *Enterococcus* spp. recovered from all sample types. The exceptions were isolates recovered from up-gradient groundwater samples, which exhibited elevated vancomycin MICs ([Table 4](#t4-ehp0115-001040){ref-type="table"}).

Similar to the findings for erythromycin and tetracycline, higher clindamycin and virginiamycin MICs were observed among non--*E. faecalis* isolates recovered from down-gradient groundwater and surface water samples compared with up-gradient groundwater and surface water samples ([Table 5](#t5-ehp0115-001040){ref-type="table"}). For instance, clindamycin MIC~90s~ for non--*E. faecalis* isolated from down-gradient groundwater and surface water samples were at least 2,133-fold and 2-fold higher, respectively, than that of non--*E. faecalis* recovered from up-gradient groundwater and surface water samples. The highest clindamycin and virginiamycin MICs were observed among isolates recovered from manure pits ([Table 5](#t5-ehp0115-001040){ref-type="table"}). As anticipated, clindamycin and virginiamycin MICs among *E. faecalis*---which have been shown to be intrinsically resistant to both of these antibiotics ([@b18-ehp0115-001040])---were similar among isolates recovered from all sample types, except in the case of *E. faecalis* recovered from manure pits. These isolates exhibited higher levels of both clindamycin and virginiamycin resistance ([Table 5](#t5-ehp0115-001040){ref-type="table"}).

In comparing the percentage of antibiotic-resistant *Enterococcus* spp. present in up-gradient versus down-gradient surface water samples, higher percentages of erythromycin-, tetracycline-, virginiamycin-, and vancomycin-resistant isolates were observed in down-gradient versus up-gradient surface waters ([Table 6](#t6-ehp0115-001040){ref-type="table"}). In contrast, we observed a higher percentage of clindamycin-resistant isolates in up-gradient surface water samples. However, using Fisher's exact test, we found that only the elevated percentage of erythromycin-resistant isolates found in down-gradient surface water samples was statistically significant (*p* = 0.02) ([Table 6](#t6-ehp0115-001040){ref-type="table"}). The higher percentage of tetracycline-resistant isolates observed in down-gradient surface water samples was marginally significant (*p* = 0.06) ([Table 6](#t6-ehp0115-001040){ref-type="table"}).

In groundwater samples, higher percentages of tetracycline- and clindamycin-resistant *Enterococcus* spp. were observed in down-gradient versus up-gradient groundwater samples ([Table 6](#t6-ehp0115-001040){ref-type="table"}). The elevated percentage of clindamycin-resistant isolates in down-gradient groundwater samples was highly statistically significant (*p* \< 0.001), whereas the higher percentage of tetracycline-resistant isolates in down-gradient groundwater samples was marginally significant (*p* = 0.07) ([Table 6](#t6-ehp0115-001040){ref-type="table"}). Conversely, higher percentages of erythromycin- and vancomycin-resistant *Enterococcus* spp. were observed in up-gradient versus down-gradient groundwater samples, and the differences in erythromycin resistance were statistically significant (*p* \< 0.001).

Discussion
==========

In this study we investigated surface water and groundwater located up gradient and down gradient of a swine CAFO for the presence of fecal indicators (*Enterococcus* spp., *E. coli,* and fecal coliforms) and antibiotic-resistant enterococci. Findings indicate that surface waters and groundwater located down gradient of the swine CAFO are contaminated with significantly higher levels of *Enterococcus* spp., *E. coli,* and fecal coliforms compared with surface water and groundwater located up gradient of the swine CAFO ([Table 2](#t2-ehp0115-001040){ref-type="table"}). The groundwater data are in agreement with two previous studies that examined groundwater wells situated near large-scale swine facilities ([@b2-ehp0115-001040]; [@b12-ehp0115-001040]). [@b2-ehp0115-001040] detected *E. coli* at a range of 0.5--32.7 CFU/100 mL in groundwater samples collected at two large-scale swine facilities in North Carolina. [@b12-ehp0115-001040] detected fecal coliforms at a maximum concentration of 7 CFU/100 mL in shallow ground-water samples collected at a swine finishing facility in Illinois. In addition, [@b12-ehp0115-001040] detected fecal streptococcus in more groundwater samples and at higher concentrations than fecal coliforms. Similarly, we identified *E. coli* and fecal coliforms in down-gradient groundwater samples at ranges of 3--40 CFU/100 mL and 3--70 CFU/100 mL, respectively, and *Enterococcus* spp. (members of the fecal streptococcus group) were consistently detected at higher concentrations than fecal coliforms ([Table 2](#t2-ehp0115-001040){ref-type="table"}). To our knowledge, the surface water data presented here are the first data to compare levels of fecal indicators in up-gradient versus down-gradient surface waters located in the proximity of a swine CAFO.

The presence of *Enterococcus* spp., *E. coli,* and fecal coliforms in rural surface water and groundwater sources impacted by swine CAFOs may pose health risks to people who either recreate in contaminated surface waters or use the groundwater as a drinking water source. Concentrations of *Enterococcus* spp. and *E. coli* in down-gradient surface water samples collected in this study were consistently in excess of the following U.S. EPA bacterial water quality standards for recreational fresh waters: *Enterococcus* spp., 33 CFU/ 100 mL; and *E. coli*, 126 CFU/100 mL ([@b24-ehp0115-001040]). Throughout the sampling period for this study, young children were observed swimming and playing in surface waters located within 500 m down gradient of the swine CAFO; these children could have been exposed to elevated concentrations of *Enterococcus* spp., *E. coli,* and other more harmful microorganisms that may have been present. In addition, if the down-gradient private well tested in this study was part of a public drinking-water-system testing program, it consistently would be in violation of current maximum contaminant level standards for total coliforms (including fecal coliforms and *E. coli*) ([@b23-ehp0115-001040]). On each sampling trip, this down-gradient well tested positive for both fecal coliforms and *E. coli.* Before the swine CAFO began production, the owners of this well relied on it as their sole source of drinking water. However, after the facility reached a full working capacity of 5,000 hogs, the owners told us that they had their well tested by an independent, certified laboratory and the water was subsequently deemed nonpotable.

The results of this study also emphasize that human health risks associated with exposures to surface water and groundwater situated down gradient of swine CAFOs could be exacerbated by the presence of antibiotic-resistant bacteria. Overall findings indicate that *Enterococcus* spp. recovered from down-gradient surface water and groundwater samples express higher levels of resistance (higher MICs) to antibiotics that are commonly used in both swine production and human clinical medicine (erythromycin, tetracycline, clindamycin, and virginiamycin) compared with *Enterococcus* spp. recovered from up-gradient surface water and groundwater samples ([Tables 4](#t4-ehp0115-001040){ref-type="table"} and [5](#t5-ehp0115-001040){ref-type="table"}). In contrast, *Enterococcus* spp. recovered from all sample types (down-gradient water samples, up-gradient water samples, and manure samples) were, in general, similarly susceptible to vancomycin ([Table 4](#t4-ehp0115-001040){ref-type="table"}), a drug that has never been approved for use in U.S. swine production.

The patterns of antibiotic resistance observed in *Enterococcus* spp. recovered from down-gradient surface water and groundwater samples were similar to those observed in isolates recovered from manure pit samples, particularly resistance patterns associated with erythromycin, tetracycline, and clindamycin ([Tables 4](#t4-ehp0115-001040){ref-type="table"} and [5](#t5-ehp0115-001040){ref-type="table"}). We also have reported similar patterns of erythromycin, tetracycline, and clindamycin resistance among *Enterococcus* spp. recovered from indoor air samples collected within the same swine CAFO during the same sampling period ([@b6-ehp0115-001040]). These data support previous findings of [@b7-ehp0115-001040] showing that the movement of resistant bacteria and resistance determinants from swine CAFOs into the environment can be extensive. [@b7-ehp0115-001040] found a high occurrence of tetracycline resistance determinants in groundwater wells located close to swine lagoons; however, they also detected one resistance determinant in a well situated over 250 m downstream of one of the lagoons. In the present study, antibiotic-resistant *Enterococcus* spp. were detected in a drinking water well located 400 m down gradient of a swine CAFO, as well as in surface water situated 300 m down gradient from the facility ([Figure 1](#f1-ehp0115-001040){ref-type="fig"}). The presence of resistant bacteria in both drinking water and surface water sources contaminated by swine CAFOs could contribute to the spread and persistence of both resistant bacteria and antibiotic resistance determinants in humans and the environment.

However, in rural environments, swine CAFOs are not the only potential sources of antibiotic-resistant bacteria. Other sources could include poultry farms, dairy farms, and human sources such as leaking septic tanks and land-applied biosolids. In the present study, an unexpected finding was that up-gradient groundwater samples that were not impacted by the swine CAFO contained significantly higher percentages of erythromycin-resistant *Enterococcus* spp. compared with down-gradient groundwater samples ([Table 6](#t6-ehp0115-001040){ref-type="table"}). The levels of erythromycin resistance (MICs) in these isolates were not as high as those observed in *Enterococcus* spp. recovered from down-gradient groundwater samples and manure pit samples ([Table 4](#t4-ehp0115-001040){ref-type="table"}); however, lower-level erythromycin-resistant *Enterococcus* spp. were still present in significant numbers. After sampling was completed, the owners of this up-gradient well informed us that they had experienced problems with their septic tank and field in the past, and perhaps this may have contributed to the presence of erythromycin-resistant *Enterococcus* spp. in their well. However, the role of possible contamination from their septic tank was not confirmed.

Similarly, we found a slightly higher percentage of clindamycin-resistant non--*E. faecalis* in up-gradient surface water samples compared with down-gradient surface water samples ([Table 6](#t6-ehp0115-001040){ref-type="table"}). Although the difference was not statistically significant and the levels of clindamycin resistance observed in these isolates were lower than those of non--*E. faecalis* recovered from down-gradient surface water samples and manure samples ([Table 5](#t5-ehp0115-001040){ref-type="table"}), the presence of resistant non--*E. faecalis* in up-gradient surface water suggests that additional sources of resistant bacteria may exist in this environment. These sources could include human septage, companion animals, wild animals, and migratory waterfowl such as Canada geese ([@b14-ehp0115-001040]; [@b17-ehp0115-001040]). These findings point to the challenges of identifying pristine, uncontaminated control sites for field studies of water sources located in rural settings, where a variety of agricultural and other human and animal activities can introduce pollutants into the surrounding environment.

Limitations of this study concern sample size and antibiotic usage data. A larger sample size would have provided more statistical power to detect differences in percentages of antibiotic-resistant bacteria present in up-gradient versus down-gradient water samples. Additional samples also would have allowed for statistical analyses regarding seasonal variations in water quality. Beyond sample size, this study would have been enhanced if we had been able to obtain specific antibiotic usage data from the swine grower. Unfortunately, the grower did not have this information because the feed used in this facility was pre-mixed and delivered to the swine CAFO by the contracted integrator, which had deemed antibiotic usage data proprietary information. Instead, we used general FDA data describing the types of antibiotics approved for use in U.S. swine production ([@b9-ehp0115-001040]) to determine which antibiotics to test in this study. In future studies, we plan to improve the sample design (including sample size) so that statistical analyses can be used to explore spatial and temporal variation in antibiotic-resistant bacteria as it relates to surrounding swine CAFOs. However, the difficulties in obtaining specific antibiotic usage data from swine growers could continue to be a challenge for environmental health researchers in the absence of federal and/or state regulations that require growers or integrators to report these data.

Conclusions
===========

We observed high levels of erythromycin, tetracycline, and clindamycin resistance in *Enterococcus* spp. recovered from surface water and groundwater situated down gradient from a swine CAFO compared with surface water and groundwater located up gradient of the facility. Significantly elevated concentrations of all three fecal indicators tested in this study were also observed in down-gradient surface water and groundwater samples compared with up-gradient surface water and groundwater samples. Although the specific source or sources of these contaminants was not definitively determined, it is likely that swine manure pit leakage or runoff from swine manure--applied fields ([@b19-ehp0115-001040]) contributed to these findings. Swine manure management practices, as well as swine feeding practices such as the administration of nontherapeutic levels of antibiotics in swine feeds, continue to pose both environmental and public health challenges, particularly in the immediate environment of swine CAFOs, where vast amounts of swine manure are produced and applied to agricultural fields.
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###### 

Sampling dates, sampling locations, and number of samples collected.

                            DG SW           
  ------------- --- --- --- ------- --- --- ---
  29 Sep 2002                       1       
  31 Mar 2003   1           1       1   1   
  11 Jun 2003   1   1   1   1       1   1   
  24 Jun 2003   1   1   1   1       1   1   
  30 Jul 2003   1   1   1           1   1   
  6 Jan 2004    1   1   1   1       1   1   1

Abbreviations: DG, down gradient; GW, groundwater; SW, surface water; UG, up gradient.

###### 

Concentrations (CFU/100 mL) of fecal indicators in up-gradient (*n* = 4) and down-gradient (*n* = 15) surface water samples and up-gradient (*n* = 5) and down-gradient (*n* = 4) groundwater samples collected in the proximity of a swine CAFO.

  Sample type and bacteria   Up-gradient samples \[median (range)\][a](#tfn2-ehp0115-001040){ref-type="table-fn"}   Down-gradient samples \[median (range)\][a](#tfn2-ehp0115-001040){ref-type="table-fn"}   *p*-Value[b](#tfn3-ehp0115-001040){ref-type="table-fn"}
  -------------------------- -------------------------------------------------------------------------------------- ---------------------------------------------------------------------------------------- ---------------------------------------------------------
  Surface water                                                                                                                                                                                              
   *Enterococcus* spp.       35 (1--100)                                                                            610 (150--4,700)                                                                         0.003
   *E. coli*                 35 (0--40)                                                                             400 (10--3,500)                                                                          0.007
   Fecal coliforms           15 (0--70)                                                                             500 (18--2,400)                                                                          0.010
  Groundwater                                                                                                                                                                                                
   *Enterococcus* spp.       18 (0--67)                                                                             85 (16--140)                                                                             0.085
   *E. coli*                 0 (0)[c](#tfn4-ehp0115-001040){ref-type="table-fn"}                                    11.5 (3--40)                                                                             0.007
   Fecal coliforms           0 (0)[c](#tfn4-ehp0115-001040){ref-type="table-fn"}                                    20.5 (3--70)                                                                             0.007

Median and range summaries are reported to match more consistently with the nonparametric statistical tests performed.

*p*-Values were calculated using the two-sample Wilcoxon rank-sum test.

No *E. coli* or fecal coliforms were detected in these samples on any sampling trip.

###### 

*Enterococcus* spp. isolated from ground-water, surface water, or manure pits located around or beneath a swine CAFO.

  *Enterococcus* spp. source    No. of isolates (%)
  ----------------------------- ---------------------
  Up-gradient groundwater       30 (15)
   *E. faecalis*                12 (6)
   *E. pallens*                 1 (0.5)
   Other *Enterococcus* spp.    17 (8.5)
  Down-gradient groundwater     26 (13)
   *E. faecalis*                21 (10.5)
   *E. faecium*                 1 (0.5)
   *E. gallinarum*              1 (0.5)
   *E. raffinosus*              1 (0.5)
   *E. sulfureus*               1 (0.5)
   Other *Enterococcus* spp.    1 (0.5)
  Up-gradient surface water     22 (11)
   *E. avium*                   1 (0.5)
   *E. faecalis*                14 (7)
   *E. faecium*                 2 (1)
   *E. hirae*                   1 (0.5)
   *E. raffinosus*              1 (0.5)
   Other *Enterococcus* spp.    3 (1.5)
  Down-gradient surface water   107 (53.5)
   *E. casseliflavus*           1 (0.5)
   *E. dispar*                  1 (0.5)
   *E. durans*                  5 (2.5)
   *E. faecalis*                80 (40)
   *E. faecium*                 12 (6)
   *E. pallens*                 1 (0.5)
   Other *Enterococcus* spp.    7 (3.5)
  Manure pit                    15 (7.5)
   *E. faecalis*                7 (3.5)
   *E. hirae*                   5 (2.5)
   *E. mundtii*                 1 (0.5)
   *E. sulfureus*               1 (0.5)
   Other *Enterococcus* spp.    1 (0.5)
  Total                         200 (100)

###### 

MIC data (μg/mL) for erythromycin, tetracycline, and vancomycin among *Enterococcus* spp. isolated from groundwater, surface water, or manure pits.

                                            Erythromycin[a](#tfn6-ehp0115-001040){ref-type="table-fn"}   Tetracycline[a](#tfn6-ehp0115-001040){ref-type="table-fn"}   Vancomycin[a](#tfn6-ehp0115-001040){ref-type="table-fn"}                                             
  ----------------------------------------- ------------------------------------------------------------ ------------------------------------------------------------ ---------------------------------------------------------- ------ ------- -------------- ------ ---- -------------
  Up-gradient groundwater (*n* = 30)        16                                                           60.8                                                         1--128                                                     \< 1   \< 1    \< 1--32       0.25   58   0.25--\> 64
  Down-gradient groundwater (*n* = 26)      2                                                            \> 256                                                       \< 0.5--\> 256                                             2      64      \< 1--\> 256   4      8    0.25--8
  Up-gradient surface water (*n* = 22)      1                                                            2                                                            \< 0.5--4                                                  \< 1   108.8   \< 1--128      2      8    0.5--8
  Down-gradient surface water (*n* = 107)   2                                                            \> 256                                                       \< 0.5--\> 256                                             2      153.6   \< 1--\> 256   2      8    0.25--\> 64
  Manure pit (*n* = 15)                     \> 256                                                       \> 256                                                       \< 0.5--\> 256                                             128    179.2   \< 1--\> 256   0.5    2    0.5--2

MIC~50~, MIC required to inhibit the growth of 50% of organisms.

CLSI resistance breakpoints are as follows: erythromycin, ≥ 8 μg/mL; tetracycline, ≥ 16 μg/mL; vancomycin, ≥ 32 μg/mL ([@b8-ehp0115-001040]).

###### 

MIC data (μg/mL) for clindamycin and virginiamycin among *E. faecalis* and non--*E. faecalis* isolated from groundwater, surface water, or manure pits

                                   Clindamycin[a](#tfn8-ehp0115-001040){ref-type="table-fn"}   Virginiamycin[a](#tfn8-ehp0115-001040){ref-type="table-fn"}                                   
  -------------------------------- ----------------------------------------------------------- ------------------------------------------------------------- ----------------- ------ ------ ------------
  Up-gradient groundwater                                                                                                                                                                    
  * E. faecalis* (*n* = 12)        8                                                           16                                                            0.06--16          1      1      0.5--1
   Non--*E. faecalis* (*n* = 18)   \< 0.03                                                     0.06                                                          \< 0.03--0.06     0.13   0.13   0.06--0.13
  Down-gradient groundwater                                                                                                                                                                  
  * E. faecalis* (*n* = 21)        8                                                           28.8                                                          0.5--\> 128       1      2      1--4
   Non--*E. faecalis* (*n* = 5)    8                                                           \> 128                                                        4--\> 128         0.5    1      0.5--1
  Up-gradient surface water                                                                                                                                                                  
  * E. faecalis* (*n* = 14)        16                                                          32                                                            8--32             1.5    8      0.5--8
   Non--*E. faecalis* (*n* = 8)    16                                                          64                                                            4--64             1      2      0.5--2
  Down-gradient surface water                                                                                                                                                                
  * E. faecalis* (*n* = 80)        16                                                          32                                                            0.06--\> 128      1      8      0.13--32
   Non--*E. faecalis* (*n* = 27)   \> 128                                                      \> 128                                                        \< 0.03--\> 128   1      5.6    0.25--8
  Manure pit                                                                                                                                                                                 
  * E. faecalis* (*n* = 7)         128                                                         \> 256                                                        64--\> 256        8      16     2--16
   Non--*E. faecalis* (*n* = 8)    192                                                         \> 256                                                        8--\> 256         1      32     0.5--32

MIC~50~, MIC required to inhibit the growth of 50% of organisms.

CLSI resistance breakpoint for clindamycin and virginiamycin is ≥ 4 μg/mL ([@b8-ehp0115-001040]).

###### 

Percentage of antibiotic-resistant *Enterococcus* spp. in up-gradient (*n* = 4) versus down-gradient (*n* = 15) surface water samples and up-gradient (*n* = 5) versus down-gradient (*n* = 4) groundwater samples.

                                                                  Percent resistant         
  --------------------------------------------------------------- ------------------- ----- ----------------------------------------------------
  Surface water                                                                             
   Erythromycin                                                   0                   18    0.02
   Tetracycline                                                   14                  33    0.06
   Clindamycin[a](#tfn10-ehp0115-001040){ref-type="table-fn"}     100                 89    0.76
   Virginiamycin[a](#tfn10-ehp0115-001040){ref-type="table-fn"}   0                   23    0.17
   Vancomycin                                                     0                   1     0.83
  Groundwater                                                                               
   Erythromycin                                                   67                  20    \< 0.001
   Tetracycline                                                   3                   19    0.07
   Clindamycin[a](#tfn10-ehp0115-001040){ref-type="table-fn"}     0                   100   \< 0.001
   Virginiamycin[a](#tfn10-ehp0115-001040){ref-type="table-fn"}   0                   0     ---[b](#tfn11-ehp0115-001040){ref-type="table-fn"}
   Vancomycin                                                     10                  0     0.15

*p*-Values were calculated using one-sided Fisher's exact tests.

Analyses for clindamycin and virginiamycin resistance were restricted to non--*E. faecalis* isolates.

No *p-*value could be calculated due to zero counts of virginiamycin-resistant isolates in both sample types.
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